Optical traps can measure bead motions with Å-scale precision. However, using this level of precision to infer 1-bp motion of molecular motors along DNA is difficult, since a variety of noise sources degrade instrumental stability. In this chapter, we detail how to improve instrumental stability by (i) minimizing laser pointing, mode, polarization, and intensity noise using an acousto-optical-modulator mediated feedback loop and (ii) minimizing sample motion relative to the optical trap using a 3-axis piezo-electricstage mediated feedback loop. These active techniques play a critical role in achieving a surface stability of 1 Å in 3D over tens of seconds and a 1-bp stability and precision in a surface-coupled optical trap over a broad bandwidth (Δf = 0.03-2 Hz) at low force (6 pN). These active stabilization techniques can also aid other biophysical assays that would benefit from improved laser stability and/or Å-scale sample stability, such as atomic force microscopy and super-resolution imaging.
Introduction
Optical traps can apply controlled forces to individual biomolecular complexes and measure motions of molecular motors along their substrates with exquisite precision. As a result, advances in the precision and stability of optical traps have yielded many landmark results in single-molecule biophysics, including resolving the steps of kinesin [1] , myosin [2] , RNA polymerase [3] , and the ribosome [4] . A number of excellent articles review the construction and application of optical traps [5] [6] [7] [8] [9] .
While optical traps can resolve Å-scale bead displacements in a millisecond [5, 10, 11] , reaching a similar level of precision and stability in a biophysical assay is much more challenging. Consider the surface-coupled optical trap depicted in Fig. 1a . A DNA molecule is stretched between a surface and an optically trapped bead. Unwanted motion in the surface or trap position degrades the positional precision of the single-molecule assay. However, by actively stabilizing the sample surface [12] and the trapping laser (Fig. 1b) [13] , one can more precisely measure the extension and tension of the DNA [14] . Ideally, this measurement is limited by the Brownian motion of the bead. Since such thermal motion has a zero mean, spatial precision is often increased at the cost of temporal resolution by timeaveraging the bead motion. This strategy does not yield increased precision if instrumental noise sources-like drift in the sample surface or pointing noise in the laser-dominate the measured motion. These noise sources corrupt the measurement process. For example, variations in the stiffness of the optical trap due to laser-intensity fluctuations cause apparent changes in the DNA length (Fig. 1c) . Intensity fluctuations also degrade the precision with which one can measure the vertical position of the bead, or, more relevant to this chapter, the vertical position of a fiducial mark on the sample surface with a detector beam (Fig. 1d) .To obtain 1-bp (base pair) precision along DNA, the adverse effects of instrumental noise on bead-position measurements must be reduced to ≤1 Å [3, 9] .
These instrumental noise sources are typically reduced through a combination of passive and active stabilization techniques. Passive techniques tend to reduce noise by isolating the experiment from the noise source. For example, a floating optical table isolates the experiment from environmental vibrations, and an enclosure around the optics minimizes beam pointing fluctuations by reducing air currents. An excellent example of passive stabilization is the dual-beam optical trap, which decouples the single-molecule assay from the surface and thereby isolates it from surface noise [15] . Active techniques use feedback; they measure the amount of noise in the system, and modulate some parameter(s) of the system in real time to reduce that noise.
In this chapter, we detail how to apply active-stabilization techniques to minimize laser noise in a surface-coupled optical-trapping instrument and to stabilize the surface relative to the optical-trapping laser (Fig. 1b) as a means to achieve 1-bp precision and stability in single-molecule assays. To minimize a variety of sources of laser noise, we first pass the laser through an acousto-optic modulator (AOM) and a single-mode, polarization-maintaining optical fiber. Coupling the laser into the fiber transforms pointing and mode noise into intensity noise. We then measure the intensity after the laser exits the fiber and use that signal to stabilize the laser intensity via the AOM (Fig. 1e) . To minimize surface motion, we attach fiducial marks to the coverslip so that unwanted sample motion can be measured using a lower-powered "detector" laser. The coverslip is then mounted on a 3-axis piezo-electric (PZT) stage, which can move with Å-scale precision to compensate for the unwanted surface motion (Fig. 1f) . This combination of active laser and surface stabilization enables our instrument to achieve 1-bp stability (Δf = 0.03-2 Hz) at a relatively low load (6 pN), with higher precision and larger bandwidth achieved at higher forces.
In the first five sections of this chapter, we detail how to create the laser stabilization feedback loop (Fig. 2) . §3.1 explains the installation of an AOM system, and §3.2 details the AOM-laser alignment needed to achieve the best performance. §3.3 discusses coupling the resulting first-order AOM-diffracted laser beam into a single-mode, polarization-maintaining optical fiber. §3.4 details sampling 10% of the laser intensity after a subsequent fiber launch onto a photodiode for intensity stabilization, and §3.5 provides the details on building and testing an AOM servocircuit board; these electronics transform the photodiode's intensity signal into a control signal for the AOM.
The last six sections of this chapter detail how to create the surface-stabilization feedback loop. §3.6, §3.7, and §3.8 detail creating a sample chamber with an array of fiducial marks fabricated onto the interior of a coverslip. §3.9 provides the schematic for building an offset-amplifier, so that the vertical position of a fiducial mark can be more precisely detected and thereby stabilized. §3.10 explains vertically aligning multiple lasers to maximize sensitivity and aligning a detector laser to a fiducial mark (Note 1). Finally, §3.11 discusses the software design and implementation of the surface-stabilization feedback loop and testing the performance of the stabilization using an out-of-loop monitor. diffraction grating (Fig. 3c) , diffracting some of the light intensity (Fig. 3d) . The amount of diffracted intensity will depend on the amplitude of the sound wave. This amplitude is controlled by a voltage applied to the input of the modulation driver. The angle between the 0 th and 1 st order beams is set by the frequency of the sound wave (Note 3). Our modulation driver has three connection points: a power supply input labeled "+Vdc", a voltage input labeled "MOD", and a voltage output labeled "RF", for radio frequency. It also has a control screw labeled "PWR ADJ", and an optional control screw labeled "BIAS ADJ". The output RF signal's amplitude is set by the "MOD" input voltage. The "MOD" and "RF" connectors can be BNC, SMA, or SMB, depending on the driver model; the driver manufacturer should be contacted for purchasing the best cables or converters. To keep the diffracted beam's position fixed in space, we use a fixed-frequency (80 MHz) modulation driver. To power the modulator, we connect the "+Vdc" terminal to a 28 V DC (direct current) power supply regulated to 1% (Note 4). In addition, the driver must be connected to an external heatsink, which can either be machined or bought. A driver's heatsink requirements are given in its manual.
1. Choose the height you wish to set the optical axis at above the optics table. This is the height at which the laser will propagate. The laser propagation height will determine the height of many of the optics in this system. This height is largely a matter of convenience, but shorter is generally better, as it will make the optics less susceptible to mechanical vibrations. Denote this height as 0 , in a coordinate system with z pointing along the optical axis (Note 5). 2. Mount the AOM to the Tilt Aligner, and calculate the distance between the center of the AOM's aperture and the bottom of the Tilt Aligner stage. Call this distance . 3. If 0 and are different, machine a monolithic block to serve as a mount for the Tilt Aligner and AOM. If necessary, a machine shop can help with this task. Make the block height 0 − , so that the center of the AOM's aperture is located at the optical axis. The block should be machined so that it can be securely anchored using table clamps (e.g., Thorlabs, CL5) (Fig. 3a) . 4 . Machine or purchase a finned heat sink for the modulation driver. Our design is shown in Fig. 3b . Secure the driver to the heat sink using a thermal transfer paste, and clamp the heat sink down to the table. 5. Solder the power supply output to the "+Vdc" input of the driver. Connect the driver's "MOD" input to a controllable DC voltage source (note the "MOD" input has a 01 V range). Connect the "RF" output to the AOM.
Maximizing the Diffraction Efficiency of a Laser through an AOM
An AOM system can efficiently diffract incident laser intensity into the 1 st order beam. Higher-order beams exist, but have very weak intensities. Our feedback design couples the 1 st order beam into an optical fiber, because the intensity in the 1 st order beam can be reduced to zero. Therefore, to make the most effective use of limited trapping laser power, we maximize the intensity of the 1 st order beam. Diffraction Efficiency (DE) is the ratio of laser power in the 1 st order beam when the RF power is on over the power in the 0 th order beam when the RF power is off. DE depends on the RF power applied to the AOM, the height and angle at which the beam enters the AOM, and the width of the beam inside of the AOM. For NIR lasers, the DE will increase with increasing RF power (though not always linearly). This power dependency is in contrast to visible wavelengths, where the DE decreases after some wavelength-dependent saturation power
. The values for NIR wavelengths are past the safe-operating limit of the AOM.
DE is maximized when a laser enters the AOM in the center of its "active aperture" at a specific angle called the Bragg angle (Fig. 3c-d) . The active aperture is defined as the exposed part of the crystal where the acoustic wave is present (as opposed to the material aperture, which is just the exposed part of the crystal), and is specified by the length of its shortest axis. The material and active apertures of the AOM are not in general the same, and any laser power that fails to pass through the active aperture is lost. Therefore, the incident beam diameter should not be larger than the short axis of the active aperture; DE is maximized when these two widths are equal. While smaller beam widths reduce the DE, they improve the rise time of modulations, since acoustic wave propagation across smaller beams takes less time (Note 6). We set the beam width of our trapping laser equal to the active aperture to maximize DE. We kept the detection lasers at their initial beam widths, since their DE was not critical because only a few mW of laser power was needed. We angularly aligned the AOM by manually turning its mounting block until the DE was maximized. Finally, for aligning any near-IR laser, laser safety googles should always be worn.
1. Turn the driver's "PWR ADJ" control screw all the way to the right, then back ¼ of a turn. If a "BIAS ADJ"
control screw is present, turn it all the way to the left. These adjustments will increase the DE. 2. Find the active aperture specification in the AOM's data sheet, and measure your initial beam width.
3. For a trapping laser, determine the ratio in beam size needed to change the initial beam diameter to match the active aperture width and then calculate the pair of focal lengths needed to achieve this change in beam size using a telescope. Install that telescopic lens system between the laser and the AOM. In general, this step can be skipped for detection lasers. For high-power lasers, be sure to check that the expected maximum laser intensity does not exceed the damage threshold of the AOM. 4. Install the half-wave plate, PBS cube, and beam block as shown in Fig. 1e , so that the majority of the light is directed into the AOM in a pure polarization state. 5. Use the half-wave plate to reduce the laser power into the AOM until its output beam (with the "RF" off) is barely visible on an IR detector card. 6. Read the power in the output beam with a power meter, and turn the half-wave plate back until the detected power is ~5 mW. Remember to work within the linear range of the power meter. 7. Turn on the power supply to the driver, and set the "MOD" input to an intermediate value (we use 0.4 V). Use the IR card to find the 0 th and 1 st order beams, and move the power meter so that it only detects the 1 st order beam (or simply block the 0 th order beam). 8. Slightly unclamp the AOM mount block so that it can be rotated. Slowly rotate the block and watch how the power in the 1 st order beam changes. Clamp the block at the position that gives the largest power. 9. Perform the same alignment with the tilt aligner, and measure the final output power in the 1 st order beam. Calculate the DE by dividing this value by the power you used in step 6. 10. For more detection sensitivity, turn the half-wave plate to increase laser intensity into the AOM. Then repeat steps 6-9. We typically align until the DE is above 0.75.
Coupling the First-Order AOM Diffraction into an Optical Fiber
When a laser is coupled into a single-mode, polarization-maintaining optical fiber, its pre-fiber mode and pointing noise are converted into intensity noise (Fig. 2a,b) . We couple the AOM's 1 st order beam into such a fiber and use an AOM-mediated feedback loop to stabilize the post-fiber intensity noise. An angle-cleaved connector (FC/APC) at the fiber input mitigates back reflections, and a flat connector (FC/PC) at the fiber output ensures that the post-fiber beam emerges in a circular TEM00 mode. To couple the laser into the fiber, we use an ultrastable, micro-positioning fiber coupler with an embedded focusing lens. The efficiency of this fiber coupling is maximized when the diameter of the collimated input beam satisfies the following equation:
where is the focal length of fiber-coupler lens, fiber is the numerical aperture of the fiber ( fiber ≡2 λ/πω = 0.11 for λ = 850 nm), is the beam wavelength, and is the mode-field diameter (MFD) of the fiber at the laser wavelength. Note this NAfiber is based upon the MFD, not the manufacturer's specified NA, which is typically 20-30% larger. We use a 5-mm fiber coupler (f = 4.6 mm), and NIR fibers will typically have MFD values of 58 m.
The value for maximum coupling efficiency will probably not equal the diameter needed for maximal DE in the AOM. Thus a two-lens telescope is needed to change the beam diameter. For trapping lasers, this two-lens system can also be used to mitigate the thermally induced pointing noise that arises from large RF power changes to the AOM. Specifically, when the modulation signal to the transducer changes, there is a transient temperature gradient in the AOM crystal that distorts the diffraction grating and leads to pointing noise in the diffracted beam [13] . A two-lens system reduces the severity of the thermally induced pointing noise so that the feedback loop can fully remove this adverse effect from the output beam. To determine the parameters for this system, a ray matrix equation for two thin lenses and two free-space propagations must be solved. Solving this matrix equation, one finds that:
where 1 and 2 are the focal lengths of the first and second lenses, 1 is the distance between the two lenses, 2 is the distance between the second lens and the fiber coupler lens, and is the diameter of the beam before the first lens (ideally the same as the diameter in the AOM).
1. Block the 0 th order beam with either an iris (for milliwatt-scale beams) or a beam block (for watt-scale beams).
2. If the laser will only be used at a fixed intensity (such as the detection lasers), skip this step. For beams that require a dynamic intensity-namely the trapping beam-solve Eq. (2). and will be fixed, and the ranges of 1 and 2 will depend on the your available space. We use f1 = 200 mm and f2 = 300 mm plano-convex lenses. Note that Eq. (2) does not need to be a strict equality, but differences should be kept below 20%. Install the two lenses at their corresponding distances, putting the second lens on a translation stage. 3. Install two turning mirrors before the fiber coupler. We use these mirrors as a 2-mirror beam walk, to align the beam into the fiber coupler. 4. Screw the fiber coupler into one end of the fiber bench, and install the fiber bench half-wave plate. 5. Align the two turning mirrors such that the power through the half-wave plate and fiber coupler (without any patch cable attached) is maximized. 6. To make preliminary alignments to the fiber coupler, attach the patch cable to it, and attach a handheld fiber optic tester to the other end of the cable. A visible red laser should now run backwards through the system. Adjust the fiber coupler's five degrees of freedom such that the test beam overlaps the laser (going as far back upstream as possible). Note, a pair of irises uniquely define a beam path. So by aligning both the visible and near-IR lasers to such a pair of irises, one can facilitate this process. 7. Remove the fiber-optic tester. Use a power meter to detect whether laser light is emerging from the cable's output connector; if there is no light, redo steps 5 and 6. Otherwise, adjust the fiber coupler screws slowly to maximize the transmitted power (Note 7). A good alignment will give ~75% or more transmission. 8. For trapping lasers, jump the AOM driver "MOD" voltage from a low value to a high value (e.g., 0.1 V to 0.6 V). Observe the intensity stability after the fiber in response to a large, abrupt change in RF power. If unacceptable, translate the position of the second lens along the z-axis-the laser propagation axis-so that D decreases, and try again. Iterate this process until you reach an optimum compromise between baseline fibercoupling efficiency and pointing stability for your application. By changing the position of the lens, the diameter and cone-angle of the laser is altered at the fiber input. This process sacrifices coupling efficiency for stability in response to a large change in laser power induced by a change in the AOM. 9. When satisfied with the alignment, cover the fiber coupler with its dust cover and gently clamp a length of cable near the fiber coupler such that it does not sag or bend near the coupler (sharps bends reduce transmission efficiency). We use two machined blocks that can be screwed snuggly together, and have grooves down their middles in which the cable can securely sit. Fig. 4a shows our finished fiber input setup.
Launching the Laser and Monitoring the Fiber Output Intensity with a Photodiode
To launch the laser out of the fiber and feedback on its intensity for the stabilization feedback loop, we construct a fiber launch system that expands and collimates the fiber output beam (Note 8). We used a stable multi-axis translation stage underneath to aid in subsequent beam alignment. Specifically, x and y motion of the fiber launch translation stage maps to pure rotations in the imaging plane of the microscope; z-axis motion of the fiber tip relative to an aspheric lens provides for fine control of laser collimation. A PBS cube in the fiber launch is used to re-polarize the laser after the fiber, since small rotations in polarization can occur over time, even with a polarization-maintaining fiber. The PBS cube turns this polarization noise into intensity noise, which is mitigated by the feedback loop.
Fig 4b
shows our finished fiber launch setup.
To measure the intensity of the laser after the fiber launch, we use a 90/10 beam sampler that diverts 10% of the output laser intensity onto a photodiode. The photodiode's current signal is converted to a voltage that is input into an analog AOM-servo circuit board that, in turn, outputs a voltage signal to the AOM driver. The rest of the laser light is sent into a microscope objective to serve as either a trapping or a detection laser.
We use silicon analog photodiodes in a TO-36 packaging for all of our lasers (YAG-444AH). These photodiodes have a 60-MHz bandwidth and 5-ns rise time for a 50-Ω load at λ = 1,064 nm when applying a large (180 V) reverse bias. Reverse biasing eliminates a wavelength-dependent filtering in silicon photodiodes, including quadrant photodiodes, when using 1,064-nm light [16] . By reducing the reverse bias, we tradeoff increased thermal stability of the photodiode during large-laser power changes for decreased detection bandwidth. We find that 30 V is a good compromise between signal stability and response time for this feedback loop (see Note 6).
1. Install a fiber-launch cage system on an optics table (we use the KT110 by Thorlabs). Put the FC/PC fiber adapter plate in the Z translator, and slide the mount onto the XY translator's back assembly rods. Make sure the adaptor plate's center is at your set optical-axis height 0 , and that its key slot is vertical (so that the output polarization is vertical). Connect the fiber optic patch cable (FC/PC end) to the adaptor plate.
2. Mount an aspheric lens into the XY translator, with the planar side facing the fiber's adaptor plate. We use a mounted aspheric lens with an anti-reflection coating (Newport 5723-H-B) and an RMS-threaded asphere adaptor (Newport 5709). We then use the RMS-to-SM1 adaptor ring from the fiber launch kit to install the aspheric lens into the XY translator. 3. Screw the SM1 iris diaphragm into the cage plate, and mount it on the assembly rods downstream of the XY translator. Open the iris fully, and slide it to the end of the cage assembly. Now adjust the distance between the Z translator mount and the aspheric lens so that the diverging output beam passes through the iris unclipped. Screw-tighten the Z translator to the assembly rods at this position. Remove the iris from the cage. 4. Determine the beam diameter you wish to send into the rest of the optical-trapping setup. Call this diameter .
A plano-convex lens needs to be added to the cage assembly to collimate the fiber output beam to this diameter.
To determine the required focal length for this lens, measure the beam diameter at a position close to the XY translator (using either a beam profiler or a razor blade and power meter). Use a ruler and a piece of tape to mark the location of this measurement on the optics table. Repeat this process at a position farther away from the translator. Call the smaller beam diameter 1 , the larger diameter 2 , and the distance between them ∆ . If we imagine the beam emerging from the XY translator as a cone of light from a point source, simple geometry says that , the angle between the optical axis and the cone's edge, must obey ( ) = ( 2 − 1 )/2∆ . From here, a ray matrix calculation shows that the focal length needed to collimate the beam at diameter is = /2 . 5. Add this lens to the cage system at the location that collimates the beam. Install a PBS cube after the lens, so that polarization noise introduced by the fiber is turned into intensity noise and mitigated (Note 9). 6. Place a 90/10 beam splitter after the cube. If the power in the 10% beam is larger than 1 mW, install a reflective neutral-density filter to reduce the incident power. 7. Machine or purchase a photodiode mount that can screw into the XY translator. Install the photodiode into the mount, with a line filter placed in front of the photodiode at the laser's wavelength. Machine a protective casing with two BNC connectors to house the photodiode mount and a 10-k trans-impedance amplifier. 8. Connect the photodiode's current output to the trans-impedance amplifier (to turn it into a voltage), and connect the amplifier to one of the two BNC connectors. Connect the photodiode's bias input to the other BNC connector, and attach to the photodiode's power supply. Install the photodiode into an XY translator and align the photodiode in the 10% beam path (Note 10).
Completing the Feedback Loop with an AOM Servo Board and Checking Performance
The final component of the intensity stabilization feedback loop is a proportional-integral servo circuit board. This board takes the photodiode voltage and a user-determined reference voltage as inputs, and outputs a voltage to the AOM driver's "MOD" connector. The board tries to keep the photodiode voltage equal to the reference voltage by changing the AOM driver's modulation voltage. For example, if the photodiode voltage is above the reference, the board lowers the modulation voltage to decrease the DE of the AOM and thereby lowers the incident power on the photodiode. The parts list, schematic, and circuit-board layout for this AOM servo board can be found at https://jila.colorado.edu/perkins/research/resources, and this circuit board layout can be sent out for manufacture (e.g., at PCB Unlimited). The board is designed to fit into a single slot NIM case, and we use a NIM bin rack as its 15 V power supply. Once built, the servo board must be tuned to maximize its low frequency gain and minimize its gain at frequencies larger than the inverse of the AOM's response time. If the gain in that bandwidth is not zero, the servo loop will try to servo itself and will start oscillating.
1. Assemble the circuit board using the schematic, circuit-board layout, and parts list. Install into a single-slot NIM case. Power the board with 15 V (Note 11). 2. Connect the photodiode's output to "PD INPUT (J13)," connect a cable carrying 5 V DC to "COMPUTER / INTERNAL CONTROL (J10)," connect "OUT TO AOM (J50)" to the AOM driver's "MOD" input, and connect "COMPUTER (EXTERNAL) INTENSITY CONTROL (J12)" to a controllable DC-voltage source. The laser-intensity servo loop is now complete. 3. Use a T-connector to simultaneously read the "PD INPUT" on a real-time spectrum analyzer (1-MHz bandwidth), and turn the coarse gain, fine gain, and PI corner controls all the way counter-clockwise (Note 12). 4. Set "INTENSITY CONTROL" to a low voltage (such as 1 V), and see whether the green board LED lights up.
If it does, the servo loop is working and "locked" at the set voltage. If the "under" LED lights up, the photodiode's voltage is less than the reference. Check your optical system to make sure laser light is making it through the fiber, and onto the photodiode. If the "over" LED lights up, the photodiode voltage is larger than the reference, and the servo is trying to reduce the power in the AOM's 1 st order beam. If the "over" status persists, check the optics and try turning the power to the board and AOM driver off and on. 5. Once the servo is locked, turn the coarse gain up until the signal on the spectrum analyzer starts to peak, then back down one notch. Do the same for the fine gain, turning it back half a screw turn, and repeat for the PI corner. The servo is now tuned. If a spectrum analyzer is not available, this procedure can be done with an oscilloscope where the signal will start to oscillate with too much gain. 6. The best way to check the performance of a feedback loop is to monitor the control variable using an out-ofloop detector. To check this servo's performance, take another beam sampler and monitor the fiber output intensity on a second, out-of-loop photodiode, as shown in Fig. 2b . A plot of normalized laser intensity vs. time when the servo is off (gray) and on (black) is shown in Fig. 2c. 
Cleaning Glass Coverslips
To stabilize the position of the sample surface, we fabricate fiducial marks onto the surface, monitor their position with a detection laser, and counter any observed drift with a 3-axis PZT stage. Before fabrication begins, the coverslips must first be cleaned. We use the following protocol for typical glass cleaning, and O2 plasma if more rigorous cleaning is needed. Note that a base-etch, such as KOH, should not be used to clean the coverslips after fabrication, as it will etch the HSQ posts off of the glass.
1. Use a diamond scribe to write a small "X" into the lower right corner of each of the coverslips (on one side only). This will be the side onto which we fabricate fiducial marks. 2. Place 80 g of potassium hydroxide (KOH) pellets and 250 mL of completely denatured ethanol into a 1-L beaker, and dissolve using a magnetic stir bar and plate (Note 13). This gives a 5.7 M KOH solution. 3. Place this beaker into an empty ultrasonic bath. Place two half-filled 1 L beakers of filtered (0.2 μm) water and one 1 L beaker of 300 mL acetone in the bath, as well, for a total of four beakers. 4. Fill the ultrasonic bath with water (up to 3 inches high), and turn on. Fig. 5a ) and submerge into acetone solution for 3 min. 6. Rinse coverslips and rack with ethanol, and then submerge into the KOH solution for 3 min. 7. Rinse all of the KOH solution off with filtered water, and submerge into the first beaker of water for 3 min. 8. Rinse again with filtered water, and submerge into the second beaker of water for 3 min. 9. Rinse with filtered water and then with ethanol. Dry the ethanol-rinsed coverslips and rack by placing them into a microwave for 2 min. on high heat. 10. Store in a sealed container, such as an empty pipette tip box with parafilm covering.
Load coverslips into a Teflon coverslip rack (shown in

Fabricating Fiducial Marks onto Coverslips
We fabricate fiducial marks onto coverslips using a hydrogen silsesquioxane (HSQ) negative resist and e-beam lithography. HSQ crosslinks to form a low-index glass when exposed to EUV or e-beam radiation, and non-crosslinked HSQ can be removed from glass using tetramethylammonium hydroxide (TMAH). To make fiducial marks, we therefore spin-coat a coverslip with a 0.4-1-µm thick layer of HSQ, and then e-beam pattern an array of ~600-nm diameter circular dots onto the HSQ layer in a low-vacuum environment. The excess, non-irradiated HSQ is then removed (i.e., "developed") using a solution of TMAH and water. This procedure creates an array of glass posts covalently attached to the coverslip, as shown in Fig. 5b . Other fabricated fiducial marks, such as silicon disks, can also be used, as detailed in a previously published protocol [17] . Non-fabricated fiducial marks, such as beads stuck or melted onto the surface, will, in general, not suffice for Å-scale stabilization [12] , since they are not covalently attached to the surface and typically move relative to the coverslip with >1 Å motion. Such motion tends to get worse after multi-hour exposure to an aqueous environment.
This procedure requires the use of a spin coater, an O2-plasma reactive-ion etcher, and a scanning-electron microscope (SEM) with a low-vacuum sample chamber (to prevent harmful charging effects, see Note 14). Such equipment is often housed in shared cleanroom facilities, with different models having different capabilities and limitations. Since your equipment will most likely differ from ours, we provide only general instructions for this part of the protocol. Likewise, the fabrication parameters given below were optimized for our specific equipment; treat our values as representative ones from which to start your own optimization process.
Processing a QPD Voltage Signal with an Offset Amplifier Circuit Board
Back-focal-plane detection is widely used to measure bead motions in an optical trap from a change in light distribution on a quadrant photodiode (QPD) [5] , either directly with the trapping laser or with a weaker detection laser. To process the voltage signal from a QPD, we use electronics to amplify the normalized difference signals (typically referred to as Vx, Vy) and to offset-amplify the sum signal, the total light falling on the QPD (Vz). By calculating a normalized difference signal, the lateral motion is approximately independent of laser intensity variations. However, since vertical motion of the bead or the fiducial mark is detected as a change in the total light incident upon the QPD, variations in the laser intensity used to detect such vertical motion is indistinguishable from actual vertical motion. Indeed, a variation in intensity of just 1% appears as ~30-nm-scale axial motion. Additionally, these small voltage changes make it difficult to precisely measure axial motion. Hence, we amplify the initial QPD's sum signal (Vz) by ɡ (Vz -V0), where ɡ is the gain and V0 a fixed offset voltage. The resulting amplification leads to a larger signal variation per unit displacement (i.e., the sensitivity in V/nm). To do this, we use an analog offset-amplifier to match the variable portion of the sum signal to the ±10-V range of a standard 16-bit data-acquisition (DAQ) system. For simplicity, we also refer to the offset-amplified sum signal as Vz.
1. Use the schematic and parts list provided at https://jila.colorado.edu/perkins/research/resources to assemble the offset amplifier, and install it into a single slot NIM case. Power the board with 15 V (see Note 11). 2. If necessary, install a data-acquisition system. Split the QPD signals into Vx, Vy, and Vz components, and send them through an anti-aliasing filter set to half of your data-acquisition system's sampling frequency. Send the resulting z signal into an offset amplifier, and then all three signals into the DAQ system. 3. Test that the system can collect voltages from the QPD, process them, and record them onto a computer.
Preparing the Instrument for Surface Stabilization
Since it is outside the scope of this chapter to detail the installation of common optical-trapping components, this section and all following sections will assume that the experimenter has: installed two detection diode lasers and one trapping laser, and stabilized them using the methods of §3.1- §3.5, installed computer-controllable 2-axis PZT mirrors (or equivalent beam-steering optics) in the trapping and detection lasers' beam paths, combined beam paths of all three lasers, coupled the lasers into an objective lens, installed a condenser lens and three quadrant QPDs to collect the scattered and transmitted laser light from the sample plane, projected a visible light source into the sample plane, and installed a CCD camera and monitor to image the sample plane. In addition, we will not cover the common passive-stabilization techniques used to mitigate environmental noise [5, 6, 19] . These include: enclosures for all optical components, mounting all optics on vibration-isolation tables, housing the instrument in a temperature-stabilized, acoustically quiet room (we use NC30), and mechanically stabilizing instrument components to reduce their susceptibility to environmental vibrations.
1. Connect and install the PZT stage and controller into the existing optical-trapping setup. Be sure to mechanically stress relieve the cable from the controller to the PZT stage, so inadvertent cable motion (i.e., swinging) does not introduce mechanical noise. We use a Nikon TE2000-S inverted microscope. Alternative trapping designs in the absence of a commercial microscope frame are also used [20] . 2. Connect the stage controller to a computer. The three communication protocols are available for our PZT stage:
serial (RS-232), GPIB (IEEE-488.2), and PIO. We find that GPIB suffices for most applications (Note 16).
Stage manufacturers typically provide LabVIEW software for communicating with the controller. Install that software and ensure its functionality. 3. Install a microscope slide adaptor plate that screws into the top of the piezo stage. Read the stage manual carefully for proper installation procedures, as screws that are too long can damage the stage. 4. Mount the sample slide into the holder, and align the objective and condenser lenses. 5. Focus the objective until the CCD camera's imaging plane aligns with the sample surface. If the center of the fabricated sample cell is aligned with the objective's field of view, you should see a regular array. If not, adjust the lateral position of the sample. 6. Next, the focus of each laser beam must be appropriately placed in space. To set the vertical position of the trap relative to the imaging plane, first fill the sample chamber with a dilute solution of beads. Trap a bead, and then move the stage in z until the coverslip contacts the bead (which can be detected by an abrupt change in the trap's QPD z voltage signal [21] ). We then change the collimation of the trapping laser beam until the sum signal (Vz) of the bead does not change when retracting the trapped bead away from the coverslip surface by changing the vertical position of the stage. Non-ideal collimation will result in a Vz signal that drops linearly in z (note, in both cases, Vz is modified by oscillatory Fabry-Perot interference [21] ). Collimation of the trapping beam is adjusted by changing the position of the tip of the single-mode fiber (as detailed in §3.4). We then move the position of the CCD camera to bring the image of a trapped bead into focus. 7. The vertical position of the detection lasers' foci should be set to maximize their detection sensitivity (in V/nm).
To this end, we vertically position the bead detection laser's focus ~50 nm past the beam waist of the trap laser so that the detector beam focus is in the center of the trapped bead (which is displaced past the trapping beam waist due to radiation pressure). The fiducial mark detection laser is most sensitive when its beam waist is centered vertically with respect to the post. In our setup, the post detection laser's beam waist is ~400 nm upstream of the trap's focus (i.e., closer to the surface).
8. With the z positions of the lasers set, move the post detection beam onto a nearby post using the manual turnscrews of the PZT mirror. If the low-power detection beam cannot be imaged in the water-filled cell, use real-time voltage readings from the QPD to tell when the beam passes over a post. Generally, a color filter can be positioned in front of the CCD camera to attenuate the trapping-beam wavelength but still allow visualization of the much weaker detection lasers. 9. LabVIEW software is used to precisely center the beam over a post. To do so, we use a closed-loop tip-tilt PZT mirror to electronically steer the laser across the post in the x and y directions (± 300 nm), while its QPD voltages are recorded as a function of beam position The resulting signals are nearly the derivatives of Gaussians, with the center of the post corresponding to the lateral center point of this function: its antisymmetry point. We therefore fit a derivative of a Gaussian to each of these signals, and extract the fit parameters. One of those parameters is the "center offset," the distance between the antisymmetry point (the post's center) and the center of the scanned range. We convert that position into a PZT voltage and use it to reposition the beam's PZT mirror, centering the beam. We typically repeat this process again to fine tune the position. (Note 17).
Coding a Surface-Stabilization Feedback Loop and Testing Final Performance
To complete the surface-stabilization feedback loop, we use a LabVIEW program to monitor the surface position and move the PZT stage to compensate for any unwanted surface movement. We first calibrate the detector so Vx, Vy, and Vz can be converted to the x, y, and z spatial positions of the post. Once that is done, we choose a set position (xset, yset, zset) for the post. We then continuously measure the post's position. Every 10 ms (100 Hz bandwidth), the program computes the mean current position of the post over the previous 10-ms window and takes the difference between this measurement and the set position. The software-based feedback loop then moves the stage a portion of that difference in the opposite direction (we use 0.2 as our proportionality constant). More complex control schemes, such as differential or integral feedback, are also possible, but we find that proportional control is enough to stabilize the surface to 1 Å in 3D over 1-s intervals (1-25 Hz bandwidth) and keep the drift sub-nm over 50-s intervals [12] . The resonance frequency of the PZT stage limits how fast this feedback loop can operate. For our PI P-517.3CD, it is ~500 Hz. Hence, the minimum loop closure time is ~2 ms. The response time of the stage to software commands also affects the loop closure time, but the software can be tuned to minimize this delay. A more robust (though more complex) version of this stabilization can be found in [22] , which achieves 1 Å in 3D stability over 1000 s.
The best way to test the performance of a feedback loop is to measure the control variable using an out-of-loop detector. To that end, we routinely test the performance of the surface-stabilization loop by monitoring the position of a second fiducial mark on the surface with a second, out-of-loop detection laser (Fig. 6a) . This gives us a much more accurate measure of stability, since noise sources hidden from the feedback loop (such as positional drift of the inloop laser) can be measured. Using this out-of-loop laser test, we find that the ultimate limit on our stability is set by the differential-pointing stability between the lasers.
1. Once a detection beam is centered over a post ( §3.9), the voltage output from the detection electronics must be calibrated into a position. To calibrate the voltage signal, scan the post through the laser focus in all three axes using the stage. Record the stage position vs. detected voltage curve for each axis. Fit a 7th order polynomial to each curve, using voltage as the independent variable, and extract the eight fit coefficients. These coefficients are our calibration. To go from detected voltage to post position, just form a voltage polynomial with these coefficients and take the sum. We typically scan ± 200 nm in 1-nm steps, and for each step average 30 points taken at 4000 Hz. 2. For the stabilization algorithm, create a while loop that performs buffered continuous data acquisition on the position of the post. We take 1200 samples per iteration at 120 kHz and average them, giving us a loop update time of 10 ms. 3. At the start of the while loop, store the initial post position as the "Set Position." Every following iteration, take the difference between the current position and the set position. Multiply that difference by 0.2 and send a move command to the stage controller to move the stage by that amount. Let this while loop run during your experiment, and algorithmically or manually stop it when you are finished. 4. To test stabilization performance, modify the above program so that a second out-of-loop detector beam can simultaneously measure the position of a second post. Center that beam over the post, scan the post through the beam so that its voltage signal is calibrated, and then perform the same data acquisition. Results from this kind of experiment are shown in Fig. 6b- -1125844) , and NIST. Mention of commercial products is for information only; it does not imply NIST recommendation or endorsement, nor does it imply that the products mentioned are necessarily the best available for the purpose. T.T.P. is a staff member of NIST's quantum physics division. , but at t = 40 s, the intensity of the trapping laser was increased from 50 to 150 mW, leading to heating and expansion of the objective. The stabilization feedback loop compensated for this significant vertical drift by moving the stage in z (top curve). RMS stability in the short term (1 s) remained 1 Å, while long term RMS stability (50 s) was 1.5 Å in x and y, 2.6 Å in z (reprinted with permission from [12] ;  2007 The Optical Society).
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